Early stage oxidation behavior of SiSiC cellular lattices with different cell types was studied at 1400°C in two different environments: a porous burner and an electric furnace with stagnant air. Oxidation and silicon alloy bead formation were observed and identified as the most important factors affecting the integrity of the structures. Low melting temperature silicon-based alloys formed from the material due to presence of impurities. Having lower melting point than the thermal tests temperature, the beads exuded from the microstructure leaving pores in the substrate material and leading to enhanced oxidation on the surface. Moreover, it was observed that different lattice architectures lead to different oxidation behavior on the struts as a result of the changing gas flow paths inside each ceramic architecture.
Introduction
Open-celled cellular ceramics are attractive materials for high temperature applications such as solar receivers, heat exchangers, porous burners and reformers [1] [2] [3] . Among the potential ceramic materials which can be shaped in a cellular architecture, silicon infiltrated SiC (SiSiC) is particularly interesting due to its outstanding mechanical and thermal properties at high temperatures. SiSiC porous periodic architectures have recently been produced using replica technique of lattice structures obtained from polymeric templates made by 3D printing followed by reactive infiltration of silicon [4] .
SiSiC cellular ceramics are currently industrially employed as burner components [5] at high temperatures ( $1400°C) in oxidative conditions. Indeed, porous SiSiC has proven to withstand long operating conditions in a combustion environment [6, 7] . It has been noted that foams' behavior is strongly affected by the way they interact with the environment during the very initial phases of operation. This is the result of high thermal shocks imposed to the structures during the ignition and the cooling phases of the operation, leading to high thermo-mechanical loads on the struts and the nodes [1] . Moreover, long operating times at high temperatures requires good corrosion resistance. The oxidation behavior of silicon and SiC is very complex due to different parameters and species participating in the reactions. Two main oxidation modes have been observed in presence of oxygen, depending on its partial pressure, temperature and mass flow velocity. At very high temperatures and low oxygen partial pressure, or very high velocities (over 100 m/s), the so-called active oxidation is dominant and the material is gradually consumed by the following reactions [8] [9] [10] :
SiCþ O 2 -SiO(g) þCO(g)
In this case a linear mass loss is observed due to volatile reaction products.
In high oxygen partial pressure environments, passive oxidation occurs. Passivation leads to the growth of a protective silica layer on the material surface and thus to a parabolic mass gain [11] . As the silica scale grows, the oxygen diffusion through the oxidation layer and the oxidation rate decrease [12] :
Water vapor, which is a byproduct of combustion, becomes the dominant reactant species for both silicon and SiC [13] [14] [15] [16] [17] [18] . Simultaneous reaction of H 2 O with silica scale (Eq. (7)) results in parabolic formation and linear consumption of SiO 2 , known as para-linear oxidation kinetics [19] :
In addition to the aforementioned reactions, oxidation can be affected by other factors such as scale/substrate interactions [20, 21] , presence of impurities [12, 22, 23] , and silica crystallization or fracture [13, 21, 24] .
Another phenomenon, highlighted by Aronovici et al. [25] , is the exudation of alloyed silicon beads at temperatures above 1400°C. Oxide scale foaming during long lasting operational conditions slows down the gasses flow in the pores with a subsequent local overheating and degradation of the material [6] . It is thus very important to understand what triggers this phenomenon as it impacts the life span of porous ceramic burners' components.
There are several works in the literature concerning oxidation of SiC (sintered and CVD) and silicon; few of them consider the case of SiSiC by reactive silicon infiltration [6, 12, [25] [26] [27] . There is a lack in studies on the effect of oxidation on macro porous materials in a flowing gas caused by combustion. Moreover porous materials under oxidation present a surface to volume ratio of about one order of magnitude higher than the bulk materials studied in the literature (500 m 2 /m 3 Vs 5 m 2 /m 3 ). This has a dramatic effect on the porous material life span: we show in this work that lattice architecture changes hot gasses flow paths inside the structure and, as a consequence, affects oxidation. This work investigates the effect of cellular architecture and skeleton material microstructure on SiSiC porous ceramics degradation in a porous burner. The thermal tests in this study were all performed at 1400°C (slightly below silicon's melting point) as it is the typical operating temperature in industrial burners.
Experimental procedure

Material and sample preparation
Regular lattices, consisting of arrays of 5 Â 5 Â 5 cells, were designed by CAD (UGS NX 9.0, Siemens, Munich, D) with five different cell types (see Fig. 1 ): tetrakaidecahedron, straight cube, rotated cube (with one of the cube's main diagonal along the flow direction) and a modified octet-truss unit cell as in [28] . The cell length was kept 7 mm. Random structures were generated from Laguerre Tessellation [29] with similar average geometrical parameters. All templates were 3D printed with the same strut diameter Ds¼0.4 mm using 3DLPrinter-HD 2.0 (Robot Factory S.r.l., It), with a resolution of 10 and 50 mm in vertical and horizontal axes, respectively. Replica technique was used to convert the polymeric structures into ceramic [30] : the templates were impregnated in a slurry containing bimodal α-SiC particles dispersed in an organic solvent by ball milling for 12 h and then, after adding a polymer binder, for further 36 h [4] . The fine and coarse SiC powders present an average particle size of 1.4 mm D50 and 5 mm D50, measured by laser diffraction, respectively. After drying the solvents, the resulting coating was comprised of 40 vol% plastic binder and 60 vol% of ceramic powders. Pyrolysis of the green bodies was carried out in argon (300 sccm) with a heating rate of 40°C/h up to 500°C, and 60°C/h to 1000°C, followed by dwelling for 1 h and natural cooling. Decomposition of the green body leads to a skeleton material with $ 30% porosity. This porosity allows liquid silicon to fill the microstructure via capillary forces. Reactive infiltration using silicon of 99.5% purity was performed by heating samples at 1500°C for 4 h in a 10 À 2 mbar residual pressure to form β-SiC according to the following reaction [31] :
The resulting microstructures consisted of α-SiC particles, reaction bonded SiC and unreacted silicon ( $ 20%). Two opposite surfaces of each lattice were milled using diamond tools to realize parallel surfaces ( Fig. 1 ) for compression tests.
Oxidation tests and characterization
45 samples were produced and divided in three groups as shown in Table 1 . Samples of group I were oxidized in a furnace (LHT 08/16 Nabertherm GmbH, Bremen, D) in calm air atmospheric conditions. The furnace was heated up (10°C/min) to 1400°C, kept for one hour at that temperature and then naturally cooled to prevent thermal shock and preserve integrity of the oxide layer.
Group II specimens were tested using a porous burner. Porous burner is an advanced combustion technology that offers flameless and stable reaction of fuel and air with a homogeneous temperature field on the surface [2] . The schematic set up of the burner with specimens is shown in Fig. 2 . Methane and air enter into the system, pass the porous alumina insulation and react within the pores of the SiSiC foam (similar to the ones produced in this work). In each run three specimens of the same morphology were placed in the center of the burner. The rest of the burner's surface was covered with refractory alumina (Fig. 2) . The power and the ratio of actual to stoichiometric amount of air (λ) feeding the system were adjusted to 25 kW and λ¼1.3, respectively. Tests were carried out following the subsequent procedure: flame ignition, dwelling, and shut down by closing the fuel valve while keeping the air flowing. The tests were consecutively repeated four times. Heating consisted in ramping up to 1400°C (in the hottest spot on the lattice) at about 36°C/s. Samples were kept at 1400°C for 
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15 min and then cooled to 400°C at about 29°C/s. The temperature of the samples was measured using a two-color pyrometer (PYROSPOT DG 4N, DIAS Infrared GmbH, D). Group III samples were kept as produced. (Table 2 ) To evaluate the strength retention of the specimens, all samples of three groups were mechanically tested under compression.
Different characterization techniques were used to study the oxidation behavior. Optical microscopy (Leica DMLM, D) and a scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (JSM6010plus/LA, JEOL, Tokyo, JP) were used to evaluate the surface morphology and struts microstructure before and after the tests. Single struts of Group I and II were pulverized for X-ray diffraction (XRD) using Cu Kα radiation analysis (PW 3830, Philips, Eindhoven, the Netherlands). One strut was extracted from each porous architecture and pulverized for the XRD tests. As a result the signal from the oxide phases is quite low, nevertheless we detected the same phases shown in the literature [6, 7, 17] . Due to silicon alloy formation and loss, peripheral strut rupture during the thermal treatment in the porous burner of the most delicate structures, the recorded mass change data were not reliable and thus not reported in detail. Compression tests were conducted in a typical compression test set-up using a universal testing machine (Z050, Zwick/Roell Ulm, D) with cross head speed of 0.1 mm/min. The displacement of the cross head and the loads were measured using the integrated position control system of the machine and a 50 kN load cell (Zwick/Roell, D) respectively.
Results and discussion
Oxidation behavior
Specimens of group I, which were oxidized isothermally in calm air, did not show any visible mechanical damage or crack. A general mass gain was observed in all specimens in agreement with our previous work [25] , suggesting passivation as the dominant oxidation mode. Passivation produces a dense oxide layer of SiO 2 according to reactions (3) and (4). The formation of this Group I  3  3  3  3  3  15  Group II  3  3  3  3  3  15  Group III  3  3  3  3  3  15  Total/ Four cycles with 36°C/s heating and 29°C/s cooling. Group III As produced Fig. 3 . XRD analysis of a pulverized strut from cubic lattice after thermal tests of group I, showing the formation of cristobalite and tridymite. Fig. 4 . Rotated cubic sample of group I after thermal oxidation. The cavities inside the struts oxidized in a lower oxygen partial pressure. That can result in formation of silica whiskers (white features). An exuded silicon alloy bead is also evident inside the strut. protective oxide scale decreases the oxygen diffusion rate and thus decelerates the oxidation process [12] . XRD pattern for the skeleton material after the tests revealed that this oxidation layer is likely made of cristobalite and tridymite (Fig. 3) .
All the samples used in this study present a cylindrical cavity inside the struts due to the replica manufacturing technique [32] . The presence of this cavity may lead to oxidation of inner surface of the struts. Due to limited oxygen supply, the surface of these cavities may undergo either active oxidation (resulting in loss of material) or formation of silica whiskers [26] . Fig. 4 shows the formation of silica whiskers inside the strut [25] .
In addition to oxidation, scattered silicon alloy beads of different size were observed, mainly on the outer surface of the samples (Fig. 5) . EDS analyses of the beads showed the presence of iron, titanium and chromium. These impurities come from the silicon (purity: 99.5%). During high temperature conditioning being them alloyed with silicon melted at low temperatures (lower than the test temperature). As pure silicon shrinks upon melting, it further favors the oxidation process by opening up new pores in the microstructure. On the other hand, silica while forming expands and squeezes out the molten silicon alloy from the microstructure [25] . The low wettability of the silicon alloy on SiO 2 [33] favors beads formation on the strut's outer surface. These beads then coalesce in larger and larger beads (Fig. 5 dashed lines) .
Unlike group I, samples of group II showed local corrosion due to inhomogeneous temperature and gas velocity in the lattices on the burner. The average gas velocity, entering the samples, was estimated around 5 m/s. The bottom side was at 1400°C whereas the top part was at 1100°C. This temperature gradient resulted in different struts' coloration, which can be due to formation of different thicknesses of the silica scale [34] . Silicon alloy beads were 8 . SEM image of the surface (the hot zone) of octet specimen of group II after the tests. The swelled region correspond to an exuded bead after severe oxidation (a cross section of it can be seen also in the rectangle in Fig. 7) . Fig. 9 . Bubble and craters formed in process of silica formation. Craters are filled with silica after the gas explosion. The silica surface is full of cracks made in thermal cycles due to large difference of its thermal expansion with substrate. Fig. 10 . Formation of two stripes of silica on a strut of a cubic sample of group II. The white arrow shows the gas flow direction.
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observed only on the bottom part of the lattices (dashed rectangles in Fig. 6 ).
The ratio of actual to stoichiometric amount of air (λ) in burner was 1.3 resulting in lean reaction of methane in air. The outlet gas flow was calculated to contain about 15 vol% H 2 O and 7 vol% CO 2 , according to Eq. (9) and 5 vol% O 2 due to the present excess air.
Gases which such compositions can degrade both silicon and SiC phases [12] . Because of the high percentage of water vapor, the samples faced a more severe oxidation in the hot zones compared to the samples of group I tested isothermally [35] . Presence of water vapor increases the oxidation rate of both Si and SiC by an order of magnitude [17, 18, 36] . H 2 O can also increase the porosity of the oxide layer [35] . Due to high gas velocity (over 1 m/s) inside the lattices, the oxidation kinetics can change to para-linear behavior following the simultaneous formation and volatilization of SiO 2 (Eqs. (5)- (7)) [37] .
At the bottom of some lattices, where the temperature was $1400°C, and especially in the octet, tetrakaidecahedron and cubic structures, a distinct thick layer (20-200 mm) of porous silica was formed (Fig. 7) . This porous layer fully covered the windward side of the struts, while the leeward side was less affected. The severe oxidation was likely because of the high percentage of water vapor. Moreover molten silicon exuded on the surface in group II facilitating the oxidation. The exuded beads depleted the inner microstructure of free silicon leading to the formation of porosity (dashed rectangle in Fig. 7) [38] . Fig. 8 depicts bubbles and craters together with whiskers in these regions. Gaseous products of the oxidation reactions may initially diffuse to the surface. With the oxide layer thickening, bubbles form into the viscous medium (most likely an amorphous silica film [12] ) and move toward the external surface. On the surface, they explode resulting in craters and filled-out bubbles [16] (Fig. 9) . These craters, exposing the bare SiSiC surface to the open environment, are then healed by the viscous flow of silica [20] .
In the colder part of the samples, the oxidation was negligible. However, on many struts, arc-shaped stripes of white silica were observed. This phenomenon took its form along the flow direction around the struts. These observations reveal the onset of oxidation on a single strut. Fig. 10 depicts SEM images from the surface of the oxide layers, characterized by silica wires. This is similar to what is reported as transition from active to passive oxidation mode in presence of oxygen [29] . This silica layer was loosely attached to the substrate resulting spallation in some zones, likely during heating and cooling ramps. XRD analysis of the strut showed the presence of cristobalite (Fig. 11) . We propose the mechanism of the ring shaped oxide layer formation as follows:
SiO 2 islands form on the surface, most likely in a point with higher concentration of impurities such as iron. At the same time SiO is produced and diffuses away from the surface [26] . The SiO 2 islands act as nucleation points for SiO reacting with O 2 and the formation of SiO 2 rods [8] . In stationary air, this phenomenon results in circular regions on the surface [10] . In a gas flow over the struts, the very first nucleation zones are formed in the stagnation point (Fig. 12A) . SiO is then transported by the gas and further oxidizes along the flow path on a single strut (Fig. 12B) . In a turbulent flow regime, such as in a porous burner, the oxide layer formation continues up to the point where the flow separates from the strut's surface (Fig. 12C) .
This porous silica layer was observed mainly on the straight cubic samples than on the other lattices. Silica was mainly cristobalite (Fig. 11) . Based on the proposed mechanism, lattices with struts misaligned in respect of the gasses flow (i.e. some struts of the octet, tetrakaidecahedron and straight cubic structures) get a higher chance to show this oxidation pattern, while it will be much less evident in rotated cubes and random foams (comprised of more struts aligned with the gasses flow).
Mechanical strength
In order to evaluate the effect of different lattice structures on Fig. 11 . XRD analysis of a pulverized strut in cubic lattice (group II). the retained strength after the thermal cycling, isothermally oxidized (group I), thermally cycled (group II) and the as-produced (group III) samples were mechanically tested under compression. Load-displacement data of the samples showed two main regimes. An initial linear regime due to the elastic deformation of the struts. Further on, a new regime appeared due to the gradual failure of some struts, followed by the collapse of the entire porous architecture. This is in agreement with the literature [39] reporting damage accumulation mechanism in compression tests of ceramic foams. Fig. 13 shows the result of the tests on samples of the three groups. Samples of group I showed a decrease in strength compared to as produced specimens. This can be explained by silicon melting and leaving the specimens and the consequent formation of porosity (Fig. 7) , which reduces the strength of the skeleton's material. Results of group II specimens did not differ from the asproduced ones. One reason is that the phenomena described above occurred in a limited region of the sample facing the hottest zones. The rest of the structure was neither affected by silicon depletion nor heavily oxidized. In some sample the strength even increased; this can be due to the blunting of surface cracks by the formation of silica scale [23, 40] .
It was also noticed that, while intact samples strength values were broadly distributed, the thermally treated specimens of group I and II had very low variations, which may suggest an increased uniformity in flaw distribution. This phenomenon is also reported for sintered SiC [41] .
Conclusions
Oxidation behavior of five different SiSiC lattice structures were studied at 1400°C. A group of specimens were thermally tested in calm air. The second group faced thermo-cyclic oxidation in a porous burner. It was shown that at 1400°C, there are two main limiting factors in using SiSiC materials: silicon alloy bead formation and combustion products such as H 2 O and CO 2 . Silicon alloy melted out of the samples, introducing more porosity in the microstructure. This resulted in decreased retention strength and rapid oxidation on the surface and inside porosities. High partial pressure of H 2 O in the combustion environment of the porous burner resulted in a porous silica glass layer on the hot zones of samples group II. This severe oxidation was also due to liquid silicon that melted out from the microstructure. In addition to this, silica was formed along the fluid flow on single struts. This can be explained as initial silica formation in the stagnation point of the flow and its gradual growth along the gas flow. The severity of oxidation in samples group II was different depending on lattice morphology. It was observed that straight cubic lattices, having more struts perpendicular to the gas flow direction, offer more stagnation zones and higher oxidation. Therefore, in designing lattices for high temperature applications, in addition to parameters such as thermo-mechanical properties or permeability, one should also consider the effect of lattice type on corrosion.
